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Abstract
Purpose—To optimize the design of radiofrequency (RF) shielding of transmit coils at 7T and 
reduce eddy currents generated on the RF shielding when imaging with rapid gradient waveforms.
Methods—One set of a four-element, 2×2 Tic-Tac-Toe (TTT) head coil structure is selected and 
constructed to study eddy currents on the RF coil shielding. The generated eddy currents are 
quantitatively studied in the time and frequency domains. The RF characteristics are studied using 
the finite-difference time-domain (FDTD) method. Five different kinds of RF shielding were 
tested on a 7T MRI scanner with phantoms and in-vivo human subjects.
Results—The eddy current simulation method is verified by the measurement results. Eddy 
currents induced by solid/intact and simple-structured slotted RF shielding can significantly distort 
the gradient fields. EPI images, B1+ maps and S matrix measurements verified that the proposed 
slot pattern can suppress the eddy currents while maintaining the RF characteristics of the transmit 
coil.
Conclusion—The presented dual-optimization method could be used to design the RF shielding 
and reduce the gradient field-induced eddy currents while maintaining the RF characteristics of the 
transmit coil.
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Introduction
Gradient magnetic fields are used for information encoding in MRI. The gradient magnetic 
fields (≤ 10 kHz) (1) can induce eddy currents in conductive materials of the MRI system 
(superconducting magnets, RF and gradient coil shielding, etc.). The generated eddy 
currents decay exponentially with relatively long time constants, typically tens or hundreds 
of milliseconds (2), which in turn can generate a second, distorting, magnetic field in the 
region of interest (ROI). This second magnetic field can generate severe image artifacts (1); 
it can also offset the superconducting operation point of the main magnet and even cause 
quench problems (3). Previous works have proposed methods of calculation (3–8) and 
reduction of the eddy currents on the magnet cryostat (9); these include active gradient 
shielding (10) and pre-emphasis (11,12) methods. These system level eddy-current 
compensations are typically available on current clinical scanners. Besides these system 
level compensation methods, post-processing methods were also discussed for eddy current 
compensation (13–15). In general, the success of these gradient imperfection correction 
methods rely on the image contrast differences, the accuracy of the measurement of the 
actual k-space trajectories, and/or the model of the gradient field distortions.
Less discussed are quantitative studies and correction of the eddy currents due to the RF 
shielding of RF coils. The RF shielding can play a major factor in improving transmit 
efficiency as well as maintaining the distribution of the excitation field (16). Especially for 
ultrahigh field (≥ 7T) MRI, the RF shielding is oftentimes one essential component for the 
transmit coils (17–21). Proper design of the RF shielding is particularly critical for echo-
planar imaging (EPI) and 7T MRI parallel transmission (PTX) applications, since many of 
the PTX trajectories use spiral or EPI type gradient waveforms and these gradient 
waveforms can change rapidly (22,23). The fast changing gradient waveforms induce 
intensive eddy currents that can considerably distort the image quality. Furthermore, 
different transmit RF coils (i.e. head/knee/breast) are used at 7T MRI system and the RF 
shielding varies with the different coil designs, rendering the system eddy current correction 
possibly insufficient. In addition, the spatially non-linear eddy current behavior in regions 
close to the RF coil copper shielding may also render the above-mentioned post-processing 
methods less reliable. As a result, eddy currents induced on RF coil copper shielding could 
be very problematic.
Several works have analyzed methods of adding axial and azimuthal slots to reduce eddy 
currents on the RF shielding for birdcage coils and TEM coils (24–29). Capacitors are 
sometimes added at specified locations between the slots to avoid high-frequency RF field 
radiations (27). Fingerprint-like patterns have also been utilized (27,30). Multiple thin 
copper layers were discussed and their performance could be somewhat transparent for the 
MR gradient fields and efficiently blocking high frequency electromagnetic emission (1). 
Slotted double sided copper shields could be used to reduce gradient fields induced eddy 
currents as the copper shielding will be close to opaque for the RF signal because of the 
large capacitance between the overlapped shields (29).
In this work, we propose a methodology that aims at minimizing eddy currents induced on 
RF-coil shielding. The induced gradient field distortion (due to eddy currents) is 
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quantitatively studied in the time and frequency domains. Successful MRI gradient fields’ 
measurement validation is delivered to verify the simulation results. Eddy current 
characterization is also studied based on the eddy current response function. A 
comprehensive optimization method, guided by full wave electromagnetic simulation 
combined with the eddy current simulation, is developed to maintain the RF-coil’s RF 
characteristics and simultaneously reduce low frequency magnetic field distortions due to 
eddy currents on the RF coil shielding. The methodology is successfully tested on a Siemens 
7T human whole body scanner with 1) a four-element, 2×2 Tic-Tac-Toe transmit/receive 
(Tx/Rx) array design (31,32) with an oil phantom and two in-vivo human subjects and 2) an 
RF coil system composed of 5 sets of the 2×2 Tic Tac Toe transmit coil (total of 20 Tx 
elements) in conjunction with a 32-ch receive coil insert with 10 in-vivo human subjects.
Methods
The RF Coil
New RF coil designs are desirable (33) in order to approach optimal RF coil performance at 
ultrahigh fields (34–46). Various and extensive RF shielding designs, in terms of shape, 
thickness and dimensions, may be necessary in order to achieve the optimal RF coil 
performance (transmit field distribution and field intensity). The proposed methodology is 
intended to be effective with any RF coil design, shape and/or geometry whether it is 
azimuthally symmetric or follows 4-fold symmetry etc.; and/or possess distinctive RF 
current patterns on the coil shielding. In this work, one set of a four-element, 2×2 Tic-Tac-
Toe (TTT) head coil structure is selected and constructed. The view from foot to head of the 
assembled head coil is shown in Figure 1(a1). This four-element module is placed on the top 
of the head and functions as a Tx/Rx coil. The five flat and square-shaped copper RF 
shielding panels are positioned around the 2×2 coil structure. These panels are designed in a 
fashion that copper shielding could be easily switched to different types (47). The 
schematics of these 5 panels of RF copper shielding (3D) are shown in Figure 1(a2). The 
side view of the copper shielding is shown in Figure 1(a3).
Gradient Field Induced Eddy Current Simulations
Approximate models of the Siemens (Erlangen, Germany) 7T MRI whole body gradient 
coils have been designed using the Stream Function Method (48) to match the size and 
region of gradient linearity of the coils in the system. The designed gradient coil wire loops 
are shown in Figure 1(b1–b3). The Siemens whole body gradient coil has the following 
characteristics: inner diameter is 683 mm; Gmax in x,y,z are 40/40/45 mT/m, respectively; 
maximum slew rate is 200 T/m/s; imaging FOV is 500×500×420 mm; linearity is 5%. Three 
gradient coils generate three essential gradient magnetic fields for image information 
encoding and they are: Bz = Gxx, Bz = Gyy, Bz = Gzz. Based the Maxwell Equations, there are 
concomitant fields with these three gradient fields. For X gradient coil, Bx = Gxz, By = 0; for 
Y gradient coil, Bx = 0, By = Gyz; for Z gradient coil, Bx = −Gxx/2, By = −Gyy/2. The Z 
component of the gradient fields is dominated at the center of the gradient coils, where the 
RF coil is placed (29).
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Models of a 40- turn Z-gradient coil (radius of 341.5 mm and wire diameter of 6.7mm) and a 
36-turn X-gradient coil (radius 341.5mm and wire diameter of 4.2 mm) were constructed in 
SolidWorks (Waltham, MA, USA). Z-gradient coil positions along the Z-axis are given in 
Table 1. The X, Z-gradient coils and the RF coil models are imported in the ANSYS 
Maxwell 14.0 (Canonsburg, PA, USA). The passing currents are set up to mimic the 
currents flow inside the gradient coil wires when applying different scan protocols. The 
eddy current distortions are calculated and studied in the time and frequency domains by the 
Maxwell Transient Solver and Eddy Current Solver respectively.
The simulated Z-gradient fields (time domain) are used to compare with the measurements. 
The eddy current characteristic is then studied based on a characterization method using the 
eddy current impulse response function (23,49). The eddy current-induced magnetic fields 
can be derived as the convolution of the negative time-derivative of the ideal gradient 
waveform and the eddy current response function H(t,z) (49) (Eq. 1). In this work, Bd(t,z) is 
the ideal gradient field and BE(t,z) is the eddy currents-induced gradient field. The eddy 
current impulse response function H(t,z) is the sum of multiple exponential terms with 
constant time τn and variable amplitude parameters αn (23,49) (Eq. 2).
(1)
(2)
where u(t,z) is the unit step function and N is the number of the exponential terms.
The frequency domain results are used to compare the distortions from 1) X and Z-gradient 
coils, 2) different copper thicknesses, and 3) the top panel, since there is no top shielding for 
some RF coils (16–18,24). These gradient field simulation results are used as a guide for the 
study of the eddy current reduction.
Full Wave RF Field Simulations
Effective RF shielding should provide efficient decoupling between the RF coil and the 
gradient coil without degrading the RF coils’ performance (29). In the other words, properly 
designed RF coil shielding should be transparent to low time varying MR gradient fields and 
accommodating/supporting for high frequency RF fields. Therefore, the goal of the study is 
to maintain the characteristics of 7T RF coils (B1+ field distribution, B1+ intensity, E field 
distribution, and E field intensity) while reducing the induced low frequency eddy currents. 
An in-house Finite-difference time-domain (FDTD) package with an accurate transmission-
line feed model mechanism is implemented to model the RF performance of the TTT coil 
(50). The RF magnetic field inside this four-channel TTT transceiver coil is modeled. The 
Discrete Fourier Transform (DFT) method is applied in order to calculate the RF currents 
(densities and directions) on the coil shielding at 297 MHz (7T MRI). The RF currents on 
the coil shielding are examined for multiple types of RF excitations (varying phases and 
amplitudes) resembling RF/B1+ shimming on a PTX system.
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RF Testing and 7T Experiments
The gradient field simulation is verified on the 7T Siemens whole body scanner using the 
gradient field raw data measured inside a spherical oil phantom (diameter = 165 mm). To 
measure the gradient fields, a pair of trapezoidal gradients is applied multiple times at 
different slice locations (23,47). The gradient amplitude is ±2.0 mT/m, gradient slew rate is 
40.0 mT/m/ms and pulse duration is 2.5 ms. Slots of the shielding and multiple thin copper 
layers are tested. S matrix measurements, B1+ maps and EPI sequences with the phantom 
and in-vivo human subjects are performed to verify the effectiveness of the proposed dual 
optimization. For EPI acquisition, the image resolution is 64 by 64; bandwidth per pixel is 
2442 Hz/Px; TE and TR are 20 ms and 2000 ms respectively.
Results
Eddy Current Simulation Verification and Z Gradient Field Behavior along the Magnet Axis
The simulated Z gradient field in the time domain is displayed in Figure 2(a2). The ideal 
gradient strength and gradient strength associated with the presence of the TTT coil structure 
were compared at different positions along the Z direction (positive direction is defined 
towards the top panel of the RF coil). The isocenter was labeled as the center of the coil 
structure. The ideal gradient ramp up time is 50 µs. The results show that simulated Gz is 
deviating from the ideal Gz (0 to ~200 µs) due to eddy currents induced on the RF coil 
shielding. After ~200 µs, the simulated Gz becomes stabilized and equals to the ideal Gz. 
Figure 2(a1) shows the measured gradient waveform. The effective ramp up time of the 
measured gradient trajectories with the shielding is shown to be ~200 µs in agreement with 
the simulation results. Similar to the simulation results, the experimental results also 
demonstrate that eddy current distortion is non-linear and asymmetric along the Z direction.
To further study the eddy currents along the magnet axis, the simulated information was 
used to obtain the pulse response function H(t,z) the by Eqs. 1 and 2. The results show that 
H(t,z) has different characteristics at positive and negative positions due to the RF coil top 
panel. Figure 2(b1) demonstrates that H(t,z) is not a linear with respect to Z. The eddy 
current effects are more prevalent in positive 60 mm position than the negative 60 mm 
position as shown in Figure 2(b2): H(t,z) is (−80, −13, 0) at −60 mm and (133, 55, 15) at 60 
mm, at 0 µs, 60 µs and 120 µs respectively.
Effects of Thickness of Copper Layers and the Top Panel
Thin copper shielding could be applied to improve the transparency to the gradient fields. 
The skin depth of copper at 297 MHz is about 4 µm and the 4 µm copper is also the thinnest 
copper we have found available in the market. We tested single 4 µm and double 4 µm (2×4 
µm) copper shielding (Polyflon Company, Norwalk, CT, USA.) For the double layer copper 
shielding, the dielectric substrate between the two copper layers is 0.010” (0.25 mm) PTFE.
In order to compare the effects of 4 µm and a thicker (18 µm) copper shielding, simulation 
studies were performed. Figures 2(c1–c12) display the X, Z-gradient fields inside the RF 
coil at the Y=0 plane. When there was no RF shielding, the field was spatially linear along 
the X and Z directions for X and Z gradient coils respectively (Figures 2(c1) and 2(c7).) 
Zhao et al. Page 5
Magn Reson Med. Author manuscript; available in PMC 2016 November 01.
Author M
anuscript
Author M
anuscript
Author M
anuscript
Author M
anuscript
When there were 18 µm and 4 µm copper shielding, the field was distorted (Figures 2(c2), 
2(c4), 2(c8) and 2(c10).) In general, X-gradient fields induced less distortion than Z-gradient 
fields. Although the 4 µm copper sheets generated much less eddy current distortions than 
18 µm copper, there were still observable residual distortions near the top panel (Figures 
2(c3), 2(c5), 2(c9) and 2(c11).) Simulation studies (not shown) also demonstrate that the 
field distortion is more severe at higher gradient field frequencies.
The 4 µm intact (no slots) copper shielding panels are shown in Figure 3 (a1–a2). They are 
square shaped and the length of the copper panel is approximately 23 cm. The EPI images 
(Figures 3(b1)–3(b2)) were acquired to show the image distortions generated by the eddy 
currents when all 5 copper panels are present. In every subfigure, there are 11 slices shown 
at adjacent positions along the B0 direction (one slice in one red frame box is used to point 
out the relative position within the EPI images.)
Effects of Simple-Structured Slots
Simple-structured slots along the axial direction was shown to be an effective way to reduce 
the eddy current effects (29). Simulation studies demonstrate that:
1. slots along the gradient field’s changing direction are effective in reducing eddy 
current artifacts. As the X-gradient coil and Z-gradient coil generated fields are 
changing along the X direction and the Z direction, respectively, the slots should be 
cut along X direction and Z direction respectively;
2. three slots on each of the 4-µm shielding panels considerably suppress the eddy 
currents at 10 kHz. Since the distortion from the eddy currents is a function of the 
thickness of the copper sheets and the frequency of the gradient fields, more copper 
slots will be needed at higher frequencies and with thicker copper shielding: e.g., 
for 18 µm single copper, five slots can get similar suppression of the generated 
eddy currents; and
3. slots orthogonal to the gradient field changing direction don’t reduce eddy currents.
The simple-structured slots have been physically applied to the double 4 µm (2×4 µm) 
copper shielding and 18 slots were etched on both sides of the copper shielding Figure 3(a3). 
The slots were staggered at both sides in order to minimize RF field leakage through the 
gap. EPI images (Figure 3(b3)) show the eddy current suppression was achieved, while the 
signal to noise (SNR) is very low. S parameter was measured to study the coil performance 
for different copper shielding. Figures 3(c1–c2) represent the network analyzer measured 
and FDTD simulated reflection coefficients with the intact 4 µm copper shielding. All 
reflection coefficients (Sxx) of the four ports are less than −18 dB. Figure 3(c3) shows the 
reflection coefficients (simulated and measured) for the simple-structured slot panel. For the 
pair of coil elements along the direction of the slots, the reflection coefficient (S11) is 
significantly different from the pair of coil elements orthogonal to the slots (S22); yet all the 
coil elements are detuned. The results also show that the coupling of the coil elements along 
the direction of the slots is −4.97 dB while the other two elements coupled by −14.7 dB. The 
coil cannot be re-tuned with this arrangement.
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Dual Optimization Approach
Figures 3(d1) and 3(e1) display the FDTD calculated RF current distribution associated with 
four different excitation modes. Figure 3(e1) displays overlaid RF current vectors for the 
four excitation modes. The results show that with different transmit excitation modes (as 
used in PTX applications), the current densities and distribution patterns can be substantially 
different. Especially in the center areas, the current directions are substantially spatially 
changing with different types of excitations (as shown in the zoomed subfigures.) While the 
current distributions and current vectors are different for various excitation mechanisms, 
several locations on the shielding panels sustain minimal RF current densities (this was 
observed throughout all the modes and useful RF shimming patterns excited with the 2×2 
TTT coil.) Based on these findings, the double 4 µm (2×4 µm) copper shielding were etched 
into different slotting patterns which are shown in Figure 3 (a4). The inner side of the top 
panel is slotted at regions where there is relatively lower RF current density in order to 
maintain the main RF current pathways. The external copper layers (facing the magnet) cuts 
(designed exclusively based on eddy current simulations) are used to reduce the eddy 
currents).
The low frequency eddy current simulations were then performed and verified that the 
induced eddy current was significantly reduced with the proposed slots which are shown for 
X-gradient coil in Figure 2(c6) and Z-gradient coil in 2(c12). For the RF characteristics, 
Figure 3(c4) demonstrates that the proposed slot patterns maintain the tuning and the 
matching of the RF coil as when intact shielding is utilized. From the EPI images in Figure 
3(b4), the proposed slots in the double 4 µm (2×4 µm) copper shielding are highly effective 
in almost negating all of the eddy current artifacts and maintaining the RF characteristics of 
the RF coil. The SNR and B1+ maps have been measured to compare RF signal intensity/
distribution changes with different shielding thickness and patterns applied. When compared 
to the intact double-layered shielding, over all the slices, the SNR and B1+ distribution 
changes per slice are less than 5% when the proposed slot pattern is applied.
Figures 3(d3) and 3(e3) show the RF current distribution and current vectors were 
comparable with that of the intact copper, while Figures 3(d2) and 3(e2) show the RF 
currents were significantly distorted by the simple slots.
In-Vivo Demonstration
Healthy human subject studies were conducted, with signed consent forms approved by the 
Institutional Review Board at the University of Pittsburgh. In-vivo images acquired using 
the 4 element Tx/Rx coil with the proposed double 4 µm layer copper shielding and the 18 
µm copper shielding are shown in Figures 4(a) and 4(b) respectively. In every image, there 
are 22 slices covering the whole human head. Because of eddy current artifacts, brain 
images are overlapped in almost every slice in the 18 µm copper case Figure 4(b). In the 
proposed slotted copper case Figure 4(a), images are intact (except near the absolute top of 
the human head.)
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Discussion
Thin copper shielding was shown to improve the transparency to the gradient fields (1). 
However, the EPI images were distorted by artifacts even when the thin copper is used (4 
µm single-layer which is the skin-depth of copper at 297 MHz and double-layered thin 
copper shielding) as demonstrated by Figures 2 and 3(b1–b2). Furthermore, simple-
structured slots in double layer copper shielding have also been used to reduce gradient 
field-induced eddy currents (24,29). However as shown for our results, the suppressed eddy 
current distortion was achieved while significantly altering the coil RF characteristics 
(tuning, matching, coupling and RF current distribution/intensity on the coil shielding, and 
consequentially changes in the B1+ distribution/intensity etc..)
When using simple slots in the double layer copper shielding, the shield can be considered 
as a number of capacitors in parallel. The capacitance is proportional to the overlapping 
copper area and the thickness of the dielectric substrate in between. With the thin dielectric 
substrate in this study, the double layer copper with staggered slots should represent a 
thicker continuous conductor at 297MHz. Therefore the low SNR (Figure 3(b3)) was not 
necessarily caused by RF radiation/leaking. The changes in the coil’s S parameters (Figure 
3(c3)) and RF current distributions/densities on the coil’s shielding (Figures 3(d2) and 
3(e2)) show that the simple slots altered the RF coil’s characteristics resulting in SNR 
reduction.
Figure 5 shows the ghosting quantitative comparisons between five different copper 
shielding patterns proposed and tested in this study, using the data measured from the 
phantom EPI images. The curves are the ratio between the background intensity (including 
noise and ghosting) and the image signal intensity. It shows less ghosting induced by the 
4µm single and double-sided copper shielding when compared to the 18µm solid copper, 
through most of the slices. There is minimal eddy current induced ghosting in images 
associated with the simple-structured slots (Figure 3(b3)). However, the RF coil 
performance was deteriorated and Figure 4 shows that the background to signal intensity 
ratio is almost 50%. As a result and for the presented configuration, the use of thin copper 
layers and/or simple-structured slots for RF shielding was not effective in reducing the 
gradient field-induced low frequency eddy currents while maintaining the RF characteristics 
for this RF coil.
Some eddy current artifacts are present towards the top of the brain, shown in Figure 4(a) 
and Figure 5 curve for the proposed cut case. This could be caused by the copper on the 
Tx/Rx coil elements (copper struts) and on the small side panels which are covered by 18 
µm copper sheets in the original coil design. These copper sheets can also generate eddy 
currents. Hence, the 18 µm copper sheets on the copper struts have been replaced by the 
thinner (9 µm) copper layers. And in order to provide a better and more realistic brain 
imaging illustration, an RF coil system composed of 5 sets of the 2×2 Tic Tac Toe transmit 
coil (total of 20 Tx channels) in conjunction with 32-ch receive coil insert was used. The 
copper shielding of the large panels of this 20 element transmit coil is similar to the tested 4 
element Tx/Rx coil. However this RF coil system contains 1) 16 additional transmit 
elements with their 4 sets of small side panels in order to provide better transmit fields and 
Zhao et al. Page 8
Magn Reson Med. Author manuscript; available in PMC 2016 November 01.
Author M
anuscript
Author M
anuscript
Author M
anuscript
Author M
anuscript
2) receive coil insert in order to provide better SNR. The in-vivo EPI images are shown in 
Figure 6 (a) (the image resolution= 96 by 96; bandwidth per pixel = 1680 Hz/Px; TE and TR 
= 24 ms and 2000 ms, respectively.) In order to display the background artifacts clearly, the 
intensity of 5 EPI image slices (showing the top of the head) was scaled by 10 times in 
Figure 6(b). Figure 6 shows that the ratio between the background intensity (including noise 
and ghosting) and the image signal intensity is less than 10%. Figures 2, 3, 4, 5 and 6 
demonstrate the effectiveness of the proposed slotting method in reducing eddy current 
artifacts. In our experiences, the eddy current artifacts of this modified proposed slotted coil 
are comparable to other commercial non-shielded 7T RF coils.
In summary, five different types of copper shielding were tested and discussed in this study: 
single 18 µm (half oz) copper sheet, single 4 µm (0.114 oz) copper sheet, double 4 µm (2×4 
µm) copper sheet, double 4 µm (2×4 µm) copper with simple-structured slots and double 4 
µm (2×4 µm) copper with a proposed (based on RF and quasi-static field simulations) slot 
pattern specific to the RF coil (Tic-Tac-Toe transmit array) used. The eddy current 
simulations were verified with experimental data.
The results demonstrate that eddy currents induced on RF coil copper shielding can 
significantly distort the linear gradient fields. Although thinner copper shielding generated 
less (yet still considerable) distortion, the distortions due to the top (cap) copper shielding 
were significant. Simple slots along gradient field changing direction are verified to be an 
effective way to reduce the eddy current effects. However, simple-structured slots 
significantly altered the coil’s RF characteristics (tuning, matching, coupling and RF current 
distribution/density on the coil shielding and consequentially transmit field intensity and 
distribution). This is critical when RF shielding is an essential (not just for the purpose of 
reduction of radiation) part of the coil performance as in the case of many high field transmit 
arrays.
Normally the golden rule used to sustain the RF performance is maintaining the RF current 
paths. However the RF current distribution as well as current direction could be different for 
different excitations modes, especially when a PTX system is used. In this work, using the 
proposed dual optimization method that combines both RF and quasi-static field 
simulations, the shield areas where there is minimal RF current density were distinctively 
slotted to maintain the main RF current density pathways. EPI images, GRE images, B1+ 
maps and network analyzer measurements verified that the proposed (based on RF and 
quasi-static field simulations) slot pattern in the double 4 µm (2×4 µm) copper sheet can 
sufficiently suppress the eddy current artifacts while maintaining RF characteristics of the 
utilized RF transmit array. This integrated, RF and quasi-static, field simulation approach 
can be utilized in designing RF coil shielding.
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Figure 1. 
Schematics of the (a1) Tic-Tac-Toe transmit/receive elements and (a2) RF shielding. (a3) 
Copper shielding components. Schematic diagrams of (b1) X gradient coil; (b2) Y gradient 
coil; (b3) Z gradient coil with the copper shielding to show the coil relative position. Red 
and blue colors indicate opposite current directions. The Y=0 plane is represented by the 
light blue color plane.
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Figure 2. 
Time domain: (a1) Normalized measured gradient field Gz at different positions along the Z 
direction. The curve for the “Simple Loop” was obtained using a simple RF loop-array coil 
without any RF shielding (used to represent the ideal gradient field in the measurements). 
(a2) Normalized simulated gradient field Gz at different positions along the Z direction. The 
“Ideal” Gz is calculated when the TTT coil structure is not present. (b1–b2) Eddy current 
pulse response function “H(t,z)” as a function of time and position (obtained by Eqs. 1 and 
2.) Frequency domain: Six different cases have been used to study the top panel and copper 
thickness influence for X-gradient and Z-gradient fields. Positive “Z” positions are towards 
the top panel. Simulated gradient field distribution at the Y=0 plane are shown for 6 cases: 
1) distribution with no RF copper shielding 2) distribution with intact 4 sides 18 µm and no 
top copper shielding 3) distribution with intact 5 sides 18 µm copper shielding 4) 
distribution with intact 4 sides 4 µm and no top copper shielding 5) distribution with intact 5 
sides 4 µm copper shielding and 6) distribution with 5 sides 4 µm copper shielding that 
includes the proposed slots. (c1–c6) X-gradient field distributions at 10KHz and (c7–c12) Z-
gradient field distributions at 10KHz.
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Figure 3. 
Four different copper shielding comparisons. (a1) intact double 4 µm (2×4 µm) copper 
shielding, (a2) intact single 4 µm copper shielding, (a3) 18 longitudinal slots in the double 4 
µm (2×4 µm) copper shielding and (a4) proposed copper slots in the double 4 µm (2×4 µm) 
copper shielding. The inner copper layer slots are based on the RF current distribution 
patterns and external copper layer slots are based on the eddy current simulations. (b1–b4) 
represents 11 slices of EPI images for the above-mentioned 4 copper shielding. (c1–c4) 
Reflection coefficients (measured and simulated using FDTD) for the transmit coil with the 
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above-mentioned 4 copper shielding. (d1–d3) RF currents on the copper shielding with four 
different excitation modes (uniform phase, quadrature, 180° phase shift between adjacent 
channels and one arbitrary set of 4 phases). The RF current distribution maps are presented 
at 297 MHz; plotted on the top of the density maps are the instantaneous current vectors. 
(e1–e3) Overlaid instantaneous RF current vectors of the four different excitation modes. 
The current vectors inside the red dashed box are zoomed in to show the vector patterns. 
(d1) and (e1) are for intact 4 µm single/double layer copper shielding, (d2) and (e2) are for 
the simple slots and (d3) and (e3) are for the proposed copper slots.
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Figure 4. 
In-vivo EPI images (22 slices to cover the whole brain) with (a) the proposed slots in double 
4µm (2×4 µm) copper shielding and with (b) 18 µm intact/no-slots copper shielding.
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Figure 5. 
Ghosting ratio comparisons (measured with EPI scans) between 5 tested/discussed copper 
shielding methods. The curves represent the ratio between maximum of the background 
intensity and the image signal intensity. Amongst the different shielding, the proposed 
shielding shows minimum ghosting.
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Figure 6. 
In-vivo EPI images with the modified slots in the double 4µm (2×4 µm) copper shielding 
using the 20-ch Tx coil with 32-ch Rx insert. The 5 top slices inside (a) are scaled by 10 
times and shown in (b) to show the noise and eddy current ghosting distortion.
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Table 1
Z-gradient coil arrangement
Coil positions along (±) z-axis (in mm)
131 261 293 316 335
352 368 383 399 413
429 444 460 476 493
511 530 550 573 598
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